NS3/4A serine protease is a prime target for direct-acting antiviral therapies against hepatitis C virus (HCV) infection. Several NS3/4A inhibitors have been widely used in clinic, while new inhibitors with better characteristics are still urgently needed. GP205 is a new macrocyclic inhibitor of NS3/4A with low nanomolar activities against HCV replicons of genotypes 1b, 2a, 4a, and 5a, with EC 50 values ranging from 1.5 to 12.8 nmol/L. In resistance selection study in vitro, we found resistance-associated substitutions on D168: The activity of GP205 was significantly attenuated against 1b replicon with D168V or D168A mutation, similar as simeprevir. No cross resistance of GP205 with NS5B or NS5A inhibitor was observed. Combination of GP205 with sofosbuvir or daclatasvir displayed additive or synergistic efficacy. The pharmacokinetic profile of GP205 was characterized in rats and dogs after oral administration, which revealed good drug exposure both in plasma and in liver and long plasma half-life. The in vitro stability test showed ideal microsomal and hepatic cells stability of GP205. The preclinical profiles of GP205 support further research on this NS3/ 4A inhibitor to expand the existing HCV infection therapies.
INTRODUCTION
Chronic infection with hepatitis C virus (HCV) has been reported to affect 170 million people worldwide. Approximately 700,000 people die each year from HCV-related complications [1] [2] [3] . HCV is a leading cause of liver fibrosis and cirrhosis that may eventually lead to hepatocellular carcinoma [1] .
The existing standard of care (SOC) based on parenteral administration of pegylated interferon-α (PEG-IFN-α) together with ribavirin (RBV) has a number of deficiencies [4] . Direct-acting antivirals (DAAs)-agents targeting non-structural HCV proteinsincluding NS3/4A, NS5A, and NS5B, have been widely used clinically, and a higher sustained virus response (SVR) rate with fewer side effects has been achieved in treating chronic HCVinfected patients. NS3/4A-NS5B [5] , NS3/4A-NS5A [6, 7] , NS5A-NS5B [8, 9] , and NS3/4A-NS5A-NS5B [10] inhibitor combinative therapies are now available to treat genotype 1 and other genotypes in chronic HCV infection [3] .
The NS3/4A protein has serine protease activity and is an essential non-structural protein required for viral replication [11] , and the NS3/4A protein may protect the virus from host immune responses [12] . It has been well demonstrated that NS3/4A protease inhibitors (PIs) can effectively prevent virus proliferation both in vitro and in vivo. Two PIs, boceprevir and telaprevir, have been validated for treating chronic HCV infection in combination with PEG-IFN-α plus RBV [13, 14] . Currently, PIs have been found to be essential in DAA combination therapies [5, 7] . However, the negative characteristics of available PIs, such as their relatively low activities, ineffectiveness with non-genotype 1 viruses, fast plasma clearance, and so on, have limited their use. Novel PIs with better characteristics still need to be explored to improve DAAs combination therapies.
The original PIs were designed based on the peptide-like substrates of the NS3/4A protease. Intramolecular cyclization of the original PI structures was thought to be useful in improving the stability of the compounds while maintaining their activity [15] . In previous works, we found a new series of PIs with 18-membered-macrocycle structures, from which GP205 was chosen as a lead because of its better antivirus activity and good stability in in vitro tests. Here, we describe the key preclinical findings of the new macrocycle HCV NS3/4A inhibitor GP205 (Fig. 1a) .
MATERIALS AND METHODS
Compounds and reagents GP205, sofosbuvir, daclatasvir, and telaprevir were synthesized by GinkgoPharma, China. KK4A peptides (NH 2 -KKGSVVIVGRIVLSGK-COOH) were synthesized by GL Biochem (Shanghai) Ltd, China. The MEGAscript T7 High-Yield Transcription Kit was obtained from Ambion (Carlsbad, CA, USA). The HCV protease FRET substrate (RET S1) (sequence: Ac-Asp-Glu-Asp(EDANS)-Glu-GluAbu-Ψ-[COO]-Ala-Ser-Lys(DABCYL)-NH 2 ) was obtained from AnaSpec, Inc (Fremont, CA, USA). The Renilla-Glo™ Luciferase Assay System kit was obtained from Promega (Madison, WI, USA). The cell viability and proliferation assay kit (WST-1) was obtained from Roche Applied Science (Mannheim, Germany). Human plasmin, kallikrein, and alpha-thrombin were obtained from Calbiochem (La Jolla, CA, USA 
Replicon and cell lines
The genotype 1b (con 1) and 2a (JFH-1) replicons including a Rluc reporter and the Huh7 and Huh7.5.1 cell lines were obtained from Apath, L.L.C (New York, NY, USA). The 1b/3a, 1b/4a, 1b/5a chimera replicons with Rluc reporters were obtained from Wuxi AppTec (Shanghai China). PR63 replicon testing was performed by the lab of Prof. Jin Zhong (Institut Pasteur of Shanghai, China) [16] . The JFH-1 virus with an EGFP reporter gene (J399EM) was a gift from Xinwen Chen (Wuhan Institute of Virology, Chinese Academy of Science) and is an infectious HCV monocistronic reporter virus that was constructed by inserting an EGFP reporter gene into the Cterminus between amino acids 399 and 400 of NS5A in the JFH-1 genome.
HCV NS3 protein and biochemical protease assay Recombinant HCV NS3 (residues 1-181) protease was expressed and purified from Escherichia coli. The NS3 protease, derived from pFKI-CON1-luc by PCR, was cloned into the pET22b expression vector with a HIS tag fused at the N-terminus according to a general protocol. Inhibition of the HCV NS3 protease activity in reactions containing GP205 or the reference compound telaprevir was determined in a time-resolved fluorescence assay with a 20 nM concentration of the NS3 protease in the system as described previously [17] .
Cell culture virology assays Cells were seeded at a density of 2 × 10 4 cells/well in a 96-well plate in Dulbecco's modified Eagle's medium (DMEM) plus 10% fetal calf serum or 20 or 40% human fetal serum. Replicons were transfected into Huh7.5.1 cells as reported previously [18] . Cell incubation, drug treatments, luciferase signal measurements, and RNA detection were conducted as before [19] . The viability of Huh7.5.1 cells was determined using the cell proliferation reagent WST-1 (Roche), and the absorbance (OD450/reference OD630) was measured to detect the cytotoxicity of the compounds according to the manufacturer's protocol for Cell Proliferation Reagent WST-1 with a Model680 Microplate reader (BIO-RAD, Hercules, CA, USA).
Combination studies GP205, in combination with sofosbuvir or daclatasvir, was added at various concentrations (0-30 nM for GP205, 0-1.6 μM for sofosbuvir, 0-0.120 nM for Daclatasvir) to DMEM containing 10% FBS in a 96-well plate. The inhibition rates of the 1b replicon were determined as mentioned above, and the data were analyzed according to the Bliss independence model [20] .
Resistance selection assay For in vitro resistance selections, Huh7.5.1 cells were plated at a density of 3 × 10 5 cells/well in six-well plates. After culturing at 37°C with 5% CO 2 in DMEM containing 10% FBS for 24 h, a 0.5 multiplicity of infection (moi) amount of the J399EM virus in the presence of 0.5 μM GP205 was added to the medium and incubated for 24 h. Then, the medium was removed and replaced with DMEM containing 0.5 μM GP205. After incubation for~72 h, the medium was replaced with DMEM without GP205. J399EMR viruses were collected from the cell supernatants by centrifugation at 4000 × g for 5 min and stored at −80°C 48 h later. The protocol was repeated three times in the presence of 0.5 μM GP205 and two times in the presence of 4.0 μM GP205. Newly collected virus from each cycle was used to infect Huh7.5.1 cells in the next cycle.
For RNA-resistant mutation analysis, cellular RNA extraction was performed with TRIzol reagent (Invitrogen, Carlsbad, CA, USA) following the manufacturer's instructions. For reverse transcription PCR, the first strand of cDNA was synthesized using random primers and the Super Script III First-strand Synthesis System for RT-PCR (Invitrogen, Carlsbad, CA, USA). The HCV protein-coding region JFH-1 NS3 was amplified by PCR using the following sequences: NS3-sense: 5′-CCCGAATTCCAGCTGATGGCTACACCTCC-3′, NS3-anti-sense: 5′-AGTCCTAATGTTGGGATTG-3′. The RT-PCR product of the resistant J399EMR1 virus or control JFH-1 virus was ligated into the TA cloning vector PMD18. Multiple individual bacterial colonies were isolated, and the purified plasmid DNA was sequenced. The sequences were aligned using Sequencher 5.0 and BioEdit software (Carlsbad, CA, USA). Cross-resistance study The 1b replicon plasmids with NS3-D168V, NS3-D168A, NS3-Q80K, NS5A-Y93H, NS5A-L31V, and NS5B-S282T mutations were introduced using a QuikChange Lightning Site-Directed Mutagenesis Kit (Agilent Technologies, Santa Clara, CA, USA), following the manufacturer's instructions. Mutations were confirmed by DNA sequencing.
Pharmacokinetic studies Male SD rats and beagles were fed a certified standard diet and water ad libitum. The temperature and humidity were regulated at 21-23°C and 30-60%, respectively. Animal procedures were performed according to the institutional ethical guidelines for animal care. For oral studies, the crystalline potassium salt of the compound was dosed as a solution in a mixed solvent (5% DMSO, 40% PEG-400, 55% physiological saline). For all studies, blood samples were collected in EDTA-containing tubes at appropriate times, and the plasma samples were separated by centrifugation (3500 r/min for 10 min) and stored at −80°C until analysis. Tissue samples were obtained at the pre-determined time points, rinsed, blotted dry, weighed and stored at −80°C until analysis. After protein precipitation, the GP205 concentration was quantified by high-performance liquid chromatography/mass spectroscopy on a Varian HPLC-MS/MS system (Palo Alto, CA, USA) [21] .
Equilibrium dialysis assay Tests were performed with fresh rat, dog, and human serum, with final concentrations of GP205 at 10, 200, and 4000 ng/mL. The materials and protocol used were based on a previously described method [22] . Samples were analyzed by LC-MS/MS, and the percentage of protein binding was calculated as the protein concentration in potassium phosphate buffer (pH 7.4) relative to that in serum.
In vitro stability test First, 0.5 or 5.0 μM GP205 was incubated at 37°C with 1.0 mg/mL microsomes from rats, dogs, or humans in the presence of 1.0 mM β-NADPH for up to 120 min. The reaction was terminated with icecold acetonitrile containing 3% formic acid. The concentration of GP205 left at the determined time was measured by LC/MS/MS. As a control, 0.5 μM testosterone was tested in parallel.
Selectivity assays Protease selectivity assays with human kallikrein, thrombin, plasmin, and factor Xa were performed following a previously described method [13] .
RESULTS
Detailed structural analysis of GP205 binding to NS3/4A GP205 is a second-generation PI that was found based on structural optimization and in vitro screening; GP205 was characterized by a macrocycle consisting of P2, P2′, and P3 moieties (Fig. 1a) . The pattern of GP205 binding to NS3/4A is shown in Fig. 1b . The proline-like P2 moiety docks into the S2 pocket and the hydrophobic alkyl of P3, which together with the alkenyl of P1-P1′, dock into the S3 pocket. The methoxy isoquinoline moiety of P2′ interacts with Arg155 and Ala156 and affects the electrostatic network composed of Asp81, Arg123, Arg155, Ala156, and Asp168. Based on the structural analysis results, GP205 was speculated to be a PI inhibitor with a similar activity and resistance profile to those of MK-5172 [23] .
Biochemical activities and selectivity The NS3/4A protein of genotype 1b (con 1) was purified and tested in a peptide cleavage assay. The main enzyme kinetics parameters were obtained as V max = 8.7 V/min and K m = 5.1. GP205 inhibits the NS3/4A protease with sub-nanomolar potency (IC 50 = 0.40 nM), which is much more potent than telaprevir (IC 50 = 93.0 nM) ( Table 1) . Then, we explored its selectivity by testing human serine protease. No inhibiting activities were observed against a panel of representative human serine proteases, including kallikrein, thrombin, plasmin, and factor Xa, with GP205 concentrations up to 10 μM (data not shown). These results indicated that GP205 can efficiently and selectively inhibit the HCV NS3/4A protease in vitro.
In vitro replicon activities In cell-based assays, GP205 demonstrated high potency against the genotype 1b (con1) and 2a (JFH-1) replicons (EC 50 = 1.5 and 9.0 nM, respectively). In a genotype 2a replicon named PR63 derived from a Chinese patient [16] , GP205 showed a higher potency than simeprevir (EC 50 = 11.3 nM versus 115.2 nM). GP205 also demonstrated high activity against genotype 4a and 5a chimera replicons, with EC 50 values of 3.5 and 12.8 nM, respectively. Reduced potency was observed against the genotype 3a chimera replicon for both GP205 and simeprevir in our tests (EC 50 > 200 nM for both). The antiviral activity of GP205 was attenuated by approximately 3-or 4-fold in the presence of 20 or 40% human serum compared to that with 10% fetal bovine serum when tested with the 1b replicon ( Table 2 ). Low cellular cytotoxicity was found in all cell culture assays with GP205 (CC 50 > 100 nM).
Resistant selection and cross-resistance Resistance selection studies were performed using J399EM, a genotype-2a virus containing an EGFP reporter gene. To maintain 
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J399EM proliferation when treated with GP205, Huh7.5.1 cells were infected by the virus in the presence of gradually increasing concentrations of the compound along with supernatantcollected reinfection (Fig. 2a) . In the first three incubation cycles, medium containing 0.5 μM GP205 was used, followed by two cycles with medium containing 4.0 μM GP205. Low EGFP signal was found in cultures before selection when treated with 4.0 μM GP205 (Fig. 2b) . After the first three selection cycles, we observed a difference in the fluorescent foci only between the plates treated with or without 4.0 μM GP205 (Fig. 2c) . Three strains of the resistant virus, J399EMR1, J399EMR2, and J399EMR3, were collected. In total, 21 clones were chosen from the resistant strains for NS3 1-185aa sequencing. All but one resistanceassociated substitution (RAS) site was identified on D168 (10 clones for D168V and 1 for D168A). Several other single-base mutations were proven to be eventually transformed back to that of the wild-type virus (data not shown). In reconstructed 1b replicons with the D168V or D168A mutation, GP205 demonstrated a more than 100-fold shift of the EC 50 , as did simeprevir. A minor shift against Q80K was observed in our tests. No crossresistances were observed for GP205 against the NS5A resistanceassociated variants (RAVs) Y93H and L31V [24] and NS5B RAV S282T [25] (Table 3) .
Combination study of GP205 with sofosbuvir or daclatasvir To examine the combined activities of GP205 with other DAAs, we chose sofosbuvir and daclatasvir for a combination study with the 1b con1 replicon. The results revealed concentration-dependent inhibition of HCV replication by GP205, sofosbuvir or daclatasvir alone or by any two of them in combination. Using a Bliss independence model to analyze the tests with varied drug ratios, the effect of GP205 was found to be additive when combined with sofosbuvir ( Fig. 3a) and to be additive or synergistic when combined with daclatasvir (Fig. 3b) . The synergy effect was most significant at a lower concentration of GP205 (1.9 nM) with a moderate concentration of daclatasvir (0.015 nM), with the maximal synergy range about 14.95% (Fig. 3c) . These results indicated that GP205 can combine with either the NS5B or NS5A inhibitors to achieve higher antiviral activities.
Pharmacokinetics
The pharmacokinetic profile of GP205 was measured in rats and dogs (Table 4 ). Referring to the study of simeprevir [19] , an oral dose of 40 mg/kg was selected first for rats in a PK study. However, in the pre-test, we found an extremely high C max and AUC for GP205. The dose was reduced to 5 mg/kg for GP205, while 40 mg/ kg was still used for simeprevir. Based on the body surface area dose conversion, 1.5 mg/kg was determined to be the oral dose for dogs.
In the PK study in rats, an oral 5 mg/kg dose of GP205 demonstrated significantly higher plasma exposure (AUC 0-t as 163723.2 nM.h) and longer half-life (9.2 h) than an 8-fold higher dose of simeprevir (40 mg/kg). After 24 h of oral dosing, the liver concentration of GP205 was 390.3 nmol/g, which was approximately 260-fold greater than the EC 50 value of GP205 against the wild-type (WT) 1b replicon. GP205 demonstrated quite exposure with an oral dose of 1.5 mg/kg in dogs, with a plasma half-life as long as 7.6 h. After 6 h of oral dosing, the liver concentration was 3680.2 nmol/g, which made the liver/plasma ratio~66. The liver preference of GP205 was confirmed in a rat biodistribution test. The liver concentration of GP205 was 1075.6 ng/g at 6 h after the dose, which was significantly higher than that in all other tissues tested in parallel (Table 5) .
A relatively moderate plasma protein binding rate (ranging from 69.0 to 87.0%) was observed for GP205 when tested with rat, dog, or human plasma proteins at drug concentrations ranging from 10 ng/mL to 4000 ng/mL using an equilibrium dialysis assay (Table 6 ).
In the in vitro stability study, a small percent (<5%) of GP205 was digested when incubated with human, rat, and dog microsomes or with human primary hepatic cells for as long as 120 min (Fig. 4) . These results were consistent with the high plasma exposure and lower clearance rate we found in the animal PK studies.
DISCUSSION
NS3/4A is a prime drug target for HCV DAAs combination therapies. There have been at least 6 PIs, including telaprevir, boceprevir, simeprevir, asunaprevir, paritaprevir, and grazoprevir, approved for clinical use to treat HCV-infected patients [3] , and more are still under investigation [26] . The potency of PIs has been verified in tens of trials, either in combination with IFNs or with other DAAs [26, 27] . However, their narrow genotype coverage (usually effective only for genotype 1), usually poor plasma exposure, and drug-induced liver injury risk at higher C max values have limited their use [28] [29] [30] [31] . Some PIs-paritaprevir and danoprevir, for example-should be boosted with ritonavir, a CYP enzyme inhibitor, to maintain continuous plasma exposure and a relatively lower C max when treating patients. Drug-drug interactions should be considered in these cases. GP205 is a potent PI with extremely high plasma exposure and a longer t 1/2 in both rats and dogs. The observed AUC and C max of GP205 in rats were 30-fold and 50-fold greater than those of simeprevir, respectively, when orally dosed at 5 mg/kg of GP205 or 40 mg/kg of simeprevir in parallel in our study. The observed liverto-plasma ratio in dogs was~66, and the concentration of GP205 in the liver was approximately 2400-fold that of the WT 1b replicon EC 50 value at 6 h after administration of a 1.5 mg/kg oral dose in dogs. These results are consistent with the ideal stability of GP205 in both microsomes and hepatic cell cultures that we found. It appears that CYP enzymes are not the main metabolizing pathway of GP205. Further studies should be performed to probe which metabolic route is responsible. The continuous dose drug accumulation is not a cause for worry in spite of the high exposure and slower clearance in plasma we observed. In 28-day repeateddose toxicity studies, no obvious drug accumulations were observed in both rats and dogs, and most animals were well tolerant to high drug exposure (Table S1, S2). A possible explanation for this result is that the metabolic pathway of GP205 might be activated by repeat doses. Considering all of the results together, it is expected that GP205 can efficiently block HCV proliferation in patients with a lower oral dose and frequency and does not require boosting by ritonavir.
The moderate plasma protein-binding rate may assist GP205 to achieve better efficacy compared with the plasma exposure of most other PIs. The protein-binding rates of PIs are usually extremely high. The rates of simeprevir and asunaprevir, for example, can reach as high as~98.0-100% [22, 32, 33] . A rate of 80% (the average bind rate of GP205 to human plasma protein) versus 98% means the free amount of GP205 in plasma is 10-fold greater than that of simeprevir and asunaprevir at the same plasma concentration. More free compound may also assist in the drug distribution in the liver, which might be beneficial to both the efficacy and safety of GP205 in clinical use. One hypothesis is that there is a dynamic-equilibrium drug distribution between the blood and liver when no transporter contributions are present. More free GP205 in the blood promotes equilibrium movement toward a greater liver distribution of the compound.
GP205 can efficiently inhibit replicons of different genotypes, except 3a, which is in parallel with simeprevir and most other PIs in the clinical phase [22, [34] [35] [36] [37] , with the genotype 3a ineffectiveness probably being because of a naturally occurring D168 mutation [38] . Moderate attenuation of the antivirus activity was observed in the genotype 1b replicon assay in the presence of 20 and 40% human serum, with~3-fold and 4-fold shifts of the EC 50 values, respectively, compared to that in 10% FBS medium. Administration of GP205 in combination with other DAAs will likely not be a problem, as additive to synergistic effects were observed in our combination study with sofosbuvir and daclatasvir. No cross-resistances were found for GP205 for either sofosbuvir or daclatasvir, as expected. The previously reported NS5A mutant Y93H, L31V [24] , and NS5B mutant S282T [25] had no influence on the antiviral activity of GP205. Reduced activity (>100-fold) was observed for GP205 against the most frequently found resistance-associated substitution of PIs, D168 [39] . A minor activity shift occurred with the Q80K mutant, which had been reported to limit simeprevir's clinical use to genotype 1a patients [28] . Further drug resistance studies should be performed in clinical trials of GP205 in the future. Combination therapy using GP205 with other DAAs should be explored to overcome the resistance obstacle.
In summary, GP205 is a potent and selective HCV NS3/4A inhibitor. It can be used in combination with NS5B or NS5A inhibitors without cross-resistance and achieves additive to synergistic antiviral activity in vitro. Good plasma and liver exposure and a moderate plasma protein binding rate may be beneficial to its efficacy and safety in clinic. Our work supports further clinical trials with only GP205 and with GP205 in combination with drugs that are currently used against HCV infection. Fig. 4 In vitro stability of GP205. GP205 at a 0.5 or 5.0 μM concentration was incubated with human liver microsome (HLM), dog liver microsome (DLM), rat liver microsome (RLM), or Liver Pool human primary hepatocellular suspension (HPH) for up to 120 min. Relative concentrations are compared to that of time zero. As the control, 0.5 μM testosterone was chosen
